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GENERAL INTRODUCTION 
Diffusion of solutes in metals has been important in the development 
of metallurgy ever since the metal smiths of centuries ago developed their 
own secret procedures for tempering steels. The documented study of diffu­
sion, however, is barely a century old. The first measurements concerned 
specifically with diffusion in solids were those of Spring in 1878 (IJ. 
Twenty years later, the classic measurements of Roberts-Austin were re­
ported for gold in lead [2,3]. These early investigations were limited to 
the chemical analysis techniques of the day in their measurements, but 
despite this, the values reported by Roberts-Austin are still reasonable 
by today's standards. Radioactive tracers did not make their contribu­
tions until the work of Groh and Von Hevesy in 1920 [4]. Following this, 
during the first half of the twentieth century, an extensive amount of 
diffusion data was reported for a large number of metallic systems. Much 
of this data is of questionable quality due to the low purity of the 
samples, the crude vacuum systems or impure inert atmospheres used, and 
the less sensitive analytical techniques available. Most of it, however, 
was sufficiently accurate that very early in the history of diffusion 
studies it was recognized that there were essentially two types of diffu­
sion occurring. 
From his study of the solutes carbon, oxygen, nitrogen and boron in 
iron, tungsten and molybdenum, Hagg [5,6,7] proposed in 1930 his empiri­
cal rule for solid solutions for solutes of atomic radius Rg and solvents 
of atomic radius Rj^. If the ratio Rg/R^ was larger than or equal to 0.59, 
Hagg proposed that the solid solution formed occurred by substitution of 
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a solute atom on a solvent lattice site. Movement of the solute occurred 
when the atom migrated to a vacant lattice site, and diffusion for this 
type of solid solution has since become known as substitutional or vacancy 
diffusion. If, however, the ratio Rg/R^ was less than 0.59, Hagg reasoned 
that the solute would be located in the voids or interstices between the 
solvent atoms, and the solute atom would thus move by migrating to another 
void. This type of diffusion is known as interstitial diffusion. This 
criterion for deciding between interstitial or substitutional solid solu­
tion has become known as Hagg's rule and has come to be widely accepted. 
The solutes hydrogen, carbon, oxygen, nitrogen and boron are the most 
widely studied solutes in which the ratio of Rg/Ry is less than 0.59, and 
for a large number of systems, it has been verified by other means that 
the solute atoms are indeed in interstitial positions. Similarly, for 
many systems in which the ratio Rg/Ry is larger than 0.59, it has been 
shown that the solutes are substitutional in nature. 
Another important difference which exists between the two mechanisms 
is the magnitude of the diffusivity of the solute. For substitutional 
diffusion, the diffusivity of the solute rarely exceeds the self diffu­
sivity of the solvent by more than an order of magnitude at the same tem­
perature. For interstitial diffusion, however, it is not unusual for the 
diffusivity of the solute to be three to four orders of magnitude larger 
than that of the solvent. 
Even when Hagg first proposed his rule for distinguishing between 
interstitial and substitutional solid solution, he must have realized that 
an exception already existed for gold in lead. As reported by 
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Roberts-Austin [2], the diffusivity of gold in lead was at least three 
orders of magnitude higher than the self diffusion of lead at the same 
temperature, yet the ratio Rg/R^ was equal to 0.83. This system was recog­
nized as being anomalous for many years and has become the classic example 
of what is known as "fast diffusion" of metallic solutes. 
"Fast diffusion" in metals has been defined as the diffusion of a 
metallic solute in a metallic host when the diffusivity of the solute is 
more than two orders of magnitude higher than the self diffusion of the 
host [8]. These solutes are referred to as "fast diffusers" [9], and 
their occurrence has been fairly well documented in recent years. In 
general, the fast diffusing impurity is either a noble or late transition 
metal such as Au, Ag, Co or Cu while the hosts are metals such as In, Sn, 
Pb, the alkalis, certain early transition elements and some of the 
lanthanides. The known systems in which fast diffusion occurs are sum­
marized in Table 1 along with the magnitude of the ratio Dg/D^ where Dg 
is the solute diffusivity and is the host self diffusivity. Also 
shown is the Hagg ratio Rg/R^ and the valence of the impurity. It will be 
noted that for all of these systems, the Hagg ratio exceeds the 0.59 limit 
established for interstitial diffusion. 
The major problem to date in the study of fast diffusion has been a 
lack of understanding of the general mechanism which may be responsible for 
the observed behavior in these systems. This study is concerned with an 
investigation of the metallic solutes Fe, Co and Ni which have been shown 
to be fast diffusers in Th. In order to understand some of the models for 
Table 1. Fast diffusion systems 
System (cmf/sec) Qp (kcal) T''( C) 
Group III and IV Metal Hosts 
Pb(Pb) 0.7 + 0.2 24.8 + 0.6 165 - mp 
Pb(Cu) 7.9 + 2.0 X 10-3 8.0 + 0.4 225 - mp 
Pb(Ag) 4.6 ± 1.0 X lO'Z 14.4 + 0.5 125 - mp 
Pb(Au) 4.1 X 10-3 9.35 190 - 300 
Pb(Zn) (1.6 + 0.4) X 10-2 11.3 + 0.2 182 - 300 
Pb(Ni) (9.4 + 3.4) X 10-3 10.6 + 0.4 208 - 591 
Pb(Pd) (3.8 + 1.6) X 10-3 8.6 + 0.4 209 - 588 
Sn(Sn) 
[001] 7.7 + 3.0 25.6 + 1.2 160 - 223 
[100] 10.7 o 
+
1 
25.2 + 1.0 160 - 223 
Sn(Cu) 
[001] 2.4 
CO 1 o
 
X
 7.9 25 
Sn(Au) 
[001] 5.8 X o
 1 CO
 
11.0 + 0.4 125 - 232 
[100] 1.6 X 10-1 17.7 + 0.5 125 - 232 
Sn(Ag) 
[001] 7.1 X o
 1 CO
 
12.3 + 0.4 125 - 232 
[100] 1.8 X 10-1 18.4 + 0.5 125 - 232 
Sn(Zn) 
Poly Xtal (5.9 ± 1.2) X 10-3 11.8 + 0.1 90 - 232 
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Solute 
Dg/D^ @ °C Rg/R^ Valence Ref. 
2 . 9  X 10^ @ 300°C 
6.0 X 10^ 0 300°C 
4.6 X 10^ @ 300°C 
3.2 X 10^ @ 300°C 
3.5 X 10^ @ 300°C 
8.2 X 10^ @ 300°C 
1 
.73 
.82 
.83 
.79 
.71 
.78 
+2, 4 
+2, 1 
+1 
+1 
+2 
+2, 3 
+2 
10 
11 
10 
12 
13 
14 
15 
+4, 2 
+4, 2 
16 
16 
4.7 X 10* @ 200°C .79 +2, 1 17 
4.2 X 10^ @ 200°C 
44 @ 200 C 
.90 
.90 
18 
18 
1 . 3  X 10^ @ 200°C 
23 @ 200 C 
.89 
.89 
+1 
+1 
18 
18 
.85 - 1.8 X 10^ @ 200°C .85 +2 19 
Table 1 (Continued). 
System (cm^/sec) Qq (kcal) T (°C) 
Group III and IV Metal Hosts (Continued) 
In(In) 
C 2.7 18.7 + 0.3 39 - 144 
a 3.7 18.7 + 0.3 39 - 144 
In(Au) 9.0x10'^ 6.7+0.9 20-150 
In(Ag) 
c 1.1 X 10"^ 11.5 + 0.3 20 - 150 
a  5 . 2 x 1 0 " ^  1 2 . 8 + 0 . 3  2 0  -  1 5 0  
T1 (T1 ) 
hcp-a 0.4 22.6+1.0 150-226 
hcp-c 0.4 22.9 + 0.5 - 150 - 226 
bcc 0.7 20.0+0.5 226-275 
T1(Ag) 
hcp-a 3.8x10"^ 11.8+0.4 85-226 
hcp-c 2.7 x 10"^ 11.2 +0.4 85 - 226 
bcc 4.2x10"^ 11.9+0.4 226-300 
Tl(Au) 
hcp-a 5.3 X 10"4 5.2 + 0.4 120 - 226 
hcp-c 2.0 X 10"^ 2.8 + 0.4 120 - 226 
bcc 5.2 X 10"^ 6.0 + 0.4 220 - 300 
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Solute 
Dg/D^ 0 °C Rg /R|^ Valence Ref. 
1 
1 
3.6 X 10^ @ 100°C 
1 
1 
.88 
+3 
+3 
+1 
20 
20 
A 
6.7 X 10^ @ 100°C 
4.0 X 10^ @ 100°C 
.87 
.87 
+1 
+1 
21 
21 
+1, 3 
+11 3 
+ 1 , 3  
22 
22 
22 
9.3 X 10"^ @ 200°C 
1.7 X 10^ 0 200°C 
1.0 X 10^ 0 275°C 
.84 
.84 
.84 
+1 
+1 
+1 
23 
23 
23 
1.5 X 10-" @ 200°C 
9.7 X 10* @ 200°C 
2.8 X 10^ @ 275°C 
.85 
.85 
.85 
+3, 1 
+3, 1 
+3, 1 
23 
23 
23 
Table 1 (Continued). 
System (cm^/sec) Qp (kcal) T (°C) 
Group III and IV Metal Hosts (Continued) 
a-Y(Y) 
a 67.1 1153 
c 60.3 1153 
a-Y(Fe) (1.8 + 0.1) X 10"2 20.0 900-1330 
a-Y(Ag) (5.4 + 0.3) x 10"^ 18.0 905 - 1180 
Alkali Metal Hosts 
Li(Li) 0.12 +0.05 12.6 +0.2 60-170 
Li(Cu) 0.47 +0.11 9.2 +0.2 50-181 
K(K) 0.16 +0.01 9.36+0.05 -52-62 
K(Au) (1.29 + 0.6) X 10"3 3.23 + 0.3 6 - 53 
Na(Na) 0.145 + 0.015 10.09 + 0.07 0-97 
Na(Au) 3.3 +1.0 2.20+0.2 0-77 
Lanthanide Hosts 
La(La) 1.5 45.1 +1.2 660-850 
La(Au) (2.2 ^Q-g) X 10"^ 18.1 +0.6 610-800 
Pr(Pr) 
dhcp 2 X 10"^ 34.4 795 - 600 
bcc (8.7 X 10-2 29.4 + 1.1 825 - 925 
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Solute 
Dg/D^ @ °C Rg/R^ Valence Ref. 
1 1 
1  1 + 3  2 4  
3.2 X 10^ @ 1153 .71 +3, 2 24 
1.8 X 10^ @ 1153 .81 +1 24 
1  1 + 1  2 5  
2.0 X 10^ @ 150PC .83 +2, 1 26 
1  1 + 1  2 7  
1.0 X 10^ @ 50°C .62 +3, 1 28 
1  1 + 1  2 9  
2.4 X 10^ @ 70°C .77 +1 30 
1  1 + 3  3 1  
4.6 X 10^ @ 800°C .78 +1 31 
1 1 +3, 4 W 
1 1 +3, 4 32 
Table 1 (Continued). 
System (cm^/sec) Qp (kcal) T (°C) 
Lanthanide Hosts (Continued) 
Pr(Cu) 
dhcp (8.4 ^^-g) X 10"^ 18.1 +0.5 653-786 
bcc (5.4 ^^'T) X 10"2 17.8 +0.7 813-914 
Pr(Co) 
dhcp (4.7 ^^;g) X 10"^ 16.4 +0.8 612-766 
Pr(Au) 
dhcp (4.3 ^^'G) X lO'Z 19.7 +0.6 610-750 
bcc (3.3 X 10"^ 20.1 + 0.6 800 - 910 
Pr(Ag) 
dhcp (1.4 +%'!) X 10"^ 25.4 + 0.5 610 - 770 
bcc (3.2 ^J-J) X 10'^ 21.5 +0.7 800-920 
Ce(Ce) 
Y-fcc (5.5 X 10"^ 36.6 + 0.4 528 - 692 
ô-bcc (1.2 +0.5) X 10-2 21.5 +0.7 719-771 
Ce(Fe) 
Y-fcc 3.3 X 10"^ 4.6 550 - 650 
Ce(Co) 
Y-fcc 1 . 6 + 1 0 ' ^  8 . 5  5 2 2  -  7 2 7  
6 -bcc 1 . 2 + 1 0 " ^  8 . 0  7 3 2 - 7 9 2  
Ce(Ag) 
Y-fcc 1.4 28.0 600 - 700 
n 
Solute 
Dg/D^ @ °C Rg/R^ Valence Réf. 
1.9 X 10^ @ 700°C 
1.0 X 10^ @ 900°C 
.70 
.70 
+2, 1 
+2, 1 
33 
33 
2.6 X 10 .69 +2, 3 34 
4.3 X 10"" 
20.5 
.80 
.80 
+1 
+1 
34 
34 
7.4 X 10^ 
10.0 
.79 
.79 
+1 
+1 
34 
34 
+3, 4 
+3, 4 
35 
35 
5.2 X 10^ @ 600°C .70 +2, 3 36 
1.2 X 10^ 0 600°C 
.0 X 10^ @ 750°C 
.69 
.69 
+2, 3 
+2, 3 
37 
37 
1.6 X 10^ @ 600*C .80 +1 36 
Table 1 (Continued). 
System (ctn^/sec) Qp (kcal) T (° C) 
Actinide Hosts 
Y-U(U) (1.2 X 10-3 26.7 + 1.0 780 - 1080 
Y-U(Co) (3.5 X lOT* 12.6 + 0.6 780 - 1080 
Y-U(Fe) (2.7 X 10"^ 12.0 + 0.3 780 - 1080 
Y-U(Ni) (5.4 ^o^y) X 10"4 15.7 + 0.4 780 - 1080 
E-Pu(Pu) 2.0 X 10"^ 18.5 500 - 612 
E-Pu(Fe) 
Th(Th) 
o-fcc 1.7 -77.6+0.7 1040-1340 
3-bcc 0.5 -55.0 1400 - 1525 
Th(Fe) 
a-fcc 5.0 X 10"3 19.3 965 - 1285 
e-bcc 4.0 X 10"^ 17.1 1430 - 1625 
Th(Co) 
a-fcc 5.0 X 10"4 13.2 965 - 1285 
0-bcc 4.0 X 10"3 15.6 1430 - 1625 
Th(Ni) 
a-fcc 4.0 X 10"^ 18.6 965 - 1285 
3-bcc 4.0 X 10"4 9.1 1430 - 1625 
^Present study 
g- E '2+ 69' OoOOSL 0 gOl x e*g 
g- e '2+ 69' OoOOZl § gOl X E"l 
g- E 'Z+ 69' DoOOgi é) gOl x 0'8 
g- £ '2+ 69' 3o002L 0 gOL x L'L 
g- £ '2+ OZ' OoOOSL G) gOl X L'S 
g- E '2+ ÛZ' 3o002L 0 gOl X e-L 
017 H l L 
017 17+ L L 
ZE E *2+ L6" 3,299 ô gOL x L'L 
6£ 9'S'£'t+ l  
8£ £ '2+ 06' OoOOOL G )  ^OL x  g - g  
8£ E *2+ L6' 3o000L ê) ^OL x S'Z 
8£ £ *2+ L6' OoOOOL g) ^01 x Z'Z 
8£ £ '17 '9 *9+ L L 
aouaLBA Hy/Sy 0, é) ^G/^Q 
amiPS 
El 
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fast diffusion that may be applicable to this system, a review of the 
proposed fast diffusion mechanisms will be attempted. 
A modified substitutional or vacancy diffusion mechanism was once 
considered as a possible explanation for fast diffusion. It was supposed 
that somehow a very large concentration of vacancies was generated which 
led to the observed fast diffusion. Lazarus [41], however, developed a 
theoretical model to explain the differences in solute activation energies 
for substitutional diffusion from which it has been concluded that fast 
diffusion cannot be explained by a vacancy mechanism. Activation energies 
for substitutional diffusion were observed to be valence dependent, and 
this was attributed to nearest-neighbor impurity-vacancy interactions 
which are electrostatic in nature in the absence of any size effects. 
Lazarus postulated that screening of these interactions by the conduction 
electrons is sufficiently strong in most metals for only nearest-neighbor 
interactions to be significant. This idea has been shown to be at least 
qualitatively correct by a rigorous treatment of the electronic potential 
surrounding the point charge of an impurity [42]. The model thus predicts 
that impurities of greater valence than the solvent will interact attrac­
tively with vacancies thereby increasing the total vacancy content of 
the crystal above that of a pure solvent crystal. The solute activation 
energy is thus reduced by the amount of the impurity-vacancy binding 
energy. As is generally observed for vacancy diffusion then, solutes of 
greater valence than the solvent diffuse at rates faster than the self 
diffusivity of the solvent, while those of lesser valence diffuse more 
slowly than the solvent. 
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Solutes which are fast diffusera, however, always have valences which 
are equal to or less than that of their host, and it has been observed 
experimentally (see Table 1) that the tendency for fast diffusion increases 
with decreasing solute valence. It thus seems evident that the substitu­
tional -vacancy mechanism cannot provide a satisfactory explanation for 
fast diffusion. 
The high mobility of atoms in grain boundaries and dislocations has 
been demonstrated in various experiments, and it seemed possible that 
fast diffusion could be related to these mechanisms. Ascoli [43], however, 
showed that the fast diffusion of gold in lead was not caused by grain 
boundary short circuiting by demonstrating that the diffusivities of gold 
were identical in poly and single crystals of lead. These results have 
been subsequently confirmed by Dyson et al. [44]. Similarly, Kidson [45] 
showed that for gold in lead, a dislocation-diffusion mechanism is incon­
sistent with the experimental gold-concentration penetration profiles and 
the magnitudes of the dislocation density of the lead used in the experi­
ments. In addition, he found that neither the diffusion coefficient nor 
the solubility of gold in lead was affected by increasing the dislocation 
density of his lead crystals. These experiments thus seem to offer subs­
tantial proof that neither a dislocation nor a grain boundary mechanism 
is responsible for the observed fast diffusion. 
The failure of a vacancy, dislocation or grain boundary mechanism 
to explain fast diffusion led to a reexamination of the interstitial 
mechanism. As seen in Table 1, the impurity-to-host atomic radius ratios 
of the systems which exhibit fast diffusion range from ~0.62 to ~0.91. 
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These ratios are all higher, and generally much higher than Hagg's limiting 
value of 0.59 for interstitial solutions. 
Hagg's rule, however, is defined for a hard-sphere model where the 
solute atom must fit into the interstices of a close-packed lattice of 
spheres of the host metal. If one examines the atomic radii of various 
metals, it is observed that no metal-metal system with the exception of 
some of the systems containing alkali metals will fulfill Haggs criterion. 
With this in mind, Dyson et al. [44] have suggested that fast diffusion of 
metallies could occur by an interstitial mechanism, but that an important 
and necessary condition for fast diffusion by this mechanism is that there 
be no ion-ion overlap between solute and solvent when the impurity atom is 
placed in the largest interstice of the host structure. With the generally 
accepted values for metallic valences and corresponding ionic radii, it 
appears that this condition is fulfilled by all of the fast diffusing 
systems. The most likely hosts for fast diffusion will thus be those with 
large atomic Wigner-Seitz radii and relatively small ion-core radii. With 
this new criterion for interstitial solid solutions in mind, a number of 
experimental studies have been made to investigate the existence of 
interstitial-type defects in metallic systems. Experiments by Rossolimo 
and Turnbull [45], Turner et al. [46,47], Ray et al. [48] and Wartburn [49] 
have shown that for the gold-lead system, at least a fraction of the gold 
that is in solid solution is dissolved interstitially in the form of defects 
involving one gold atom. As the temperature is decreased or the concentra­
tion of gold increased, some of the gold becomes associated into higher 
order defects (defects involving more than one gold atom). These defects 
17 
also show some evidence of being substitutional in nature, and the final 
explanation may be a combined interstitial-substitutional mechanism. 
The theory of a combined interstitial-substitutional mechanism where 
the solute diffuses mainly by the interstitial mechanism was put in quan­
titative terms by Anthony et al. [50] who showed from dilute solution 
theory that the ratio of interstitial to substitutional solute concentra­
tions may be expressed as: 
X^./Xg = K exp(AS/kT) expf-AH^g/kT) ) 
where aH^.^ represents the difference in the enthalpy of solution between 
interstitial and substitutional species of solute atoms, AS is the differ­
ence in the vibrational entropy of the two species and K is a geometric 
factor related to the relative number of interstitial and substitutional 
sites for the crystal structure considered. By evaluating these terms on 
a qualitative basis, Anthony et al. [50] suggested the following three rules 
as necessary conditions for interstitial dissolution of a metallic solute: 
1) a polyvalent or very electropositive solvent 
2) a sufficiently small solute ion size 
3) a low solute valence. 
These rules have provided a good basis for predicting fast diffusion, but 
have been shown to be only a necessary but not sufficient condition for 
fast diffusion. 
The experimental and theoretical evidence to date has shown that the 
interstitial mechanism provides a valid basis for explaining the observed 
fast diffusion behavior. There is, however, very little known about the 
general nature of the interstitial defects, and therefore, several major 
18 
problems remain to be solved. The distribution of the impurity between 
substitutional and interstitial sites is as yet unresolved, as is the 
question of association of the impurities into higher-order defects. The 
configuration of the interstitial-type defects is also generally unknown. 
It was at first supposed that the impurity atoms were symmetrically sited 
in tetrahedral or octahedral voids in the crystalline lattice. However, 
the fact the interstitial solutions form at all indicates that the im-
purity-host repulsive forces are small, and it is likely that the inter­
stitial atom might desymmetrize [3]. 
An attempt is made to investigate the preceding questions in this 
study of the fast diffusion of metallic solutes in thorium. The diffusion 
and electrotransport parameters for iron, cobalt and nickel in thorium 
were determined and an investigation of the defects responsible for the 
fast diffusion was undertaken through the use of internal friction studies. 
The results of the electrotransport study are of use in the ultra purifi­
cation of thorium and the results of the diffusion study and internal fric­
tion measurements are useful in the basic understanding of fast diffusion. 
Explanation of Thesis/Dissertation Format 
This thesis has been written in the alternate format as outlined in 
The Graduate College Thesis Manual. The main body of the thesis consists 
of two papers, one of which has already been published in the Journal of 
Less Common Metals and is designated as Section I in this thesis. Both 
papers are the sole work of Dr. 0. N. Carlson and n^yself. The second 
paper, designated as Section II, is to be submitted for publication short­
ly. 
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SECTION 1. DIFFUSION AND ELECTROTRANSPORT OF IRON, 
COBALT AND NICKEL IN THORIUM METAL 
20 
SUMMARY 
The diffusion and electrotransport parameters for iron, cobalt and 
nickel were measured in « (fee) and 3 (bcc) thorium over the temper­
ature range 965-1625°C. All three solutes have negative Z* values corre­
sponding to migration toward the anode and a marked temperature depen­
dence of Z* in both phases. 
From a least-squares treatment of the diffusivity data, values of 
and Q in the equation D = exp(-Q/RT) were obtained for each solute as 
follows: iron, = 5 x 10"^ cm^ s"^ and Q = 19.3 kcal mol"^ in a-thorium 
and DQ = 4 X 10"^ and Q = 17.1 in 8-thorium; cobalt, = 5 x 10"^ cm^ s'^ 
and q = 13.2 kcal mol"^ in a-thorium and = 4 x 10"^ and Q = 15.6 in 
e-thorium; nickel, = 4 x 10"^ cm^ s"^ and Q = 18.6 kcal mol"^ in 
a-thorium and = 4 x 10"^ and Q = 9.1 in e-thorium. The and Q values 
are more characteristic of interstitial solute behavior than of substitu­
tional solutes, as are the electromigration velocities for the temperature 
range investigated. These results indicate that iron, cobalt and nickel 
are fast diffusing solutes in thorium metal. 
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INTRODUCTION 
Diffusion and electrotransport are mass transport phenomena resulting 
from the presence of a concentration gradient or an electric field, re­
spectively. This paper deals with the migration of the metallic solutes 
iron, cobalt and nickel in thorium under the influence of these gradients. 
Although the diffusion of a large number of metallic solutes in 
thorium has been investigated [1,2], no results have been reported for 
iron, cobalt or nickel in thorium. The only previous study of the electro-
transport of metallic solutes in thorium was that of Schmidt et al. [3], 
who determined the electrotransport behavior of vanadium, niobium and 
tantalum in 3-thorium. 
Interest in the three solutes selected for this investigation derived 
from the earlier work of Murphy et al. [4], who reported rapid diffusion 
and electrotransport of iron in a-yttrium. They reported that the puri­
fied end of an yttrium -2% iron alloy rod contained less than 0.01% iron 
after electrotransport at 1200°C for 60 hours. Schmidt and Carlson [5] 
observed a similar rapid electrotransport of iron and nickel to the anode 
region of scandium. Upon comparison of the size and electronegativity 
of thorium with those of yttrium and scandium, it appeared likely that 
these transition elements would exhibit similar diffusion properties in 
all three metals. Thus, an investigation was undertaken of the three 
transition metal solutes iron, cobalt and nickel in thorium. 
Solutes that undergo fast migration in electrotransport are of inter­
est for the ultrapurification of thorium by electric field transport. 
Peterson et al. [6] have demonstrated that the interstitial solutes carbon. 
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nitrogen and oxygen can be reduced to very low concentrations in thorium by 
this technique. The above mentioned results of Murphy et al, [4] suggest 
that iron and other transition metal solutes may also be removed from 
thorium by this method. 
Thorium metal is being considered as a fuel for breeder reactors, thus 
creating renewed interest in the properties of the high purity metal and in 
the transport behavior of common metallic solutes in the base metal. It is 
estimated that more energy is potentially available from the thorium in the 
earth's crust than from uranium and fossil fuels combined [7]. 
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EXPERIMENTAL PROCEDURE 
Material 
The thorium used in this investigation was prepared by the reduction 
of thorium tetrachloride with magnesium [8] and the resulting sponge was 
electron beam melted to yield metal of 99.95% purity. The major impur­
ities were 30 ppmw carbon, 45 ppmw oxygen, 85 ppmw nitrogen, <20 ppmw iron, 
<20 ppmw nickel, 300 ppmw tantalum and 80 ppmw molybdenum. The iron, 
cobalt and nickel additives each had purities of greater than 99.99%. 
The three solutes were added by arc melting small amounts of the pure 
elements with the thorium in an argon atmosphere. A thorium rod contain­
ing 100 ppmw iron, 100 ppmw nickel and 150 ppmw cobalt was prepared by 
swaging the arc-melted ingot to a diameter of 2.50 mm. These concentra­
tions were chosen since they could readily be analyzed by spark source 
mass spectroscopy (SSMS) and yet lie well below the solubility limits for 
the temperature range of interest. Equilibration studies [9] carried out 
at 1460°C for 20 hours place the solubility limits of iron at 1900 ppmw 
and nickel at 1800 ppmw at that temperature. 
Apparatus 
The apparatus used in this study consisted of a stainless steel 
vacuum chamber fitted with two water-cooled electrodes and a sight glass 
for optical pyrometer measurements. A thorium rod specimen 6.6 cm long 
and 0.25 cm in diameter was supported by U-shaped adapters designed to 
accommodate thermal expansion of th':- sample as well as to reduce the 
thermal gradients present at the ends of the rod. A tantalum adapter was 
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used at the negative end because of the tendency of interstitial Impurities 
in tantalum to migrate in the cathode direction [10], thus minimizing con­
tamination of the specimen. The thorium specimen consisted of a short 
(2.2 cm) section of pure thorium butt-welded to a longer section contain­
ing the additions of iron, cobalt and nickel, creating a diffusion couple 
with a sharp concentration gradient or step. The electric field needed to 
cause the electromigration as well as to heat the specimen was supplied by 
a constant current d.c. power source. The experiments were performed under 
a partial pressure of purified argon to prevent possible vaporization 
losses of the solute atoms. 
The temperature of the specimen was determined by optical pyrometer 
measurements taken at the surface of the rod. The temperature was observed 
to be uniform within + 10°C along the critical region of the specimen rods. 
The emissivity correction was determined at various temperatures by com­
parison of the temperature of a black-body hole in a thorium rod with that 
of the adjacent surface. 
Method 
In the short time regime used in these studies, the step function 
evolves into a concentration profile with an error function format by 
chemical diffusion. This concentration profile resulting from combined 
chemical diffusion and electrotransport was determined by spark source mass 
spectrometry (SSMS) using the method described by Schmidt et al. [11] for 
the transport of solutes in vanadium. In that investigation, it was shown 
that several solutes can be determined simultaneously in a dilute mixture 
if their diffusivities are of comparable magnitudes. 
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The concentration profile obtained by the interdiffusion of a pair of 
semi-infinite solids is described mathematically by the expression 
c ( x ,  t )  =  C Q + (cg - Cp) erf[x{4Dt)"^^^] (1) 
where c^ is the mean concentration (c^ + Cg)/?, c^ the residual concentra­
tion of solute in the pure specimen, Cg the concentration of solute in the 
2 doped specimen, t the time in seconds, D the diffusion coefficient in cm 
s~^ and X the distance from the diffusion interface in cm. 
From Equation (1), it can be seen that the concentration at x = 0 will 
be equal to the mean concentration c^ at any time t for the chemical diffu­
sion case. However, if electrotransport is also occurring in the specimen, 
the entire concentration profile is displaced in the direction of migration 
with CQ lying a distance Ax from the original interface. The displace­
ment distance and the diffusion coefficient can be determined from a plot 
of the inverse error function erf'^[(c^ - c^j/cg - c^)] versus the distance 
from the end of the specimen, where the slope of the straight line is 
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RESULTS 
The electric mobility U, the diffusion coefficient D and the effective 
valence Z* for iron, cobalt and nickel In a and 3-thorium were determined 
for the temperature range 965-1625®C. A typical concentration profile 
for one of the metallic solutes (cobalt) is shown in Figure 1, which is 
a plot of the relative intensity of the SSMS ionic signal versus the dis­
tance from the cathode end. 
The mobility was obtained from the relation U = AX/Et where AX/t is 
the migration velocity in cm s""^ and E the electric field in V cm"\ The 
electric field was calculated as the product of the current density and 
the resistivity of thorium [1] at the temperature under study. The values 
of U obtained for the three solutes at ten different temperatures are 
given in Table 1. The values at 1340°C and above are for the three solutes 
in g-thorium while those at the lower temperatures are for a-thorium. 
A typical plot of the Inverse error function erf"^[(c^ - Cgj/fcg - c^)] 
versus distance is shown in Figure 2. A value of D for the various solutes 
at each temperature studied was obtained by least-squares fit of the data 
to this relationship. The results are summarized in Table 1. Since the 
diffusivity follows an Arrhenius-type relation, D = exp(-Q/RT), the 
activation energy Q and the diffusion constant may be obtained from a 
plot of InD versus 1/T. Such plots for iron, cobalt and nickel in a and g-
thorium are shown in Figure 3. As may be seen in the figure, all the dif-
fusion equations for the three solutes show values of the order of 10" 
-10"^ cm^ s"^ and activation energies between 10 and 20 kcal mol"^. 
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Figure 1. Concentration profile for cobalt in thorium after one hour 
at 1455°C. 
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Figure 2. Inverse error function vs. distance for cobalt in thorium 
at 1455°C for one hour. 
Table 1. Electric mobilities, diffusivities and effective valences of metallic solutes 
in thorium at various temperatures. 
Temp. (°C) Cobalt 
Iron Nickel 
U* ob Z* U D Z* U D Z* 
1625 14.3 57.5 3.50 16.5 50.2 5.37 8.14 32.7 4.07 
1560 13.5 49.2 4.36 16.2 37.7 6.81 8.03 30.6 4.15 
1455 14.8 38.9 5.66 16.4 31.5 7.74 8.50 28.4 5.73 
1430 15.3 35.0 6.40 17.3 28.0 9.87 8.47 23.2 5.36 
1340 4.4 12.8 4.80 7.0 17.0 5.74 2.15 15.7 2.23 
1285 5.0 7.40 9.33 8.1 10.6 10.24 3.38 9.29 4.89 
1220 3.3 6.49 6.45 5.4 6.79 10.3 2.30 6.23 4.76 
1130 2.7 4.50 7.20 4.3 4.96 10.5 2.01 4.90 4.98 
1085 3.0 4.38 8.10 4.3 3.65 13.7 1.38 4.18 3.89 
965 2.4 2.41 10.7 2.9 2.03 15.0 1.21 1.79 7.20 
*A11 values of U are 
1 o
 
s -T.  
^All values of D are 10-G cm"2 s" 1 
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Figure 3. Arhennius-type plots for diffusivity of iron, cobalt and 
nickel in a and p-thorium. 
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Plots of migration velocity as a function of temperature for iron, 
cobalt and nickel are shown in Figure 4. There is a discontinuity in the 
velocity of each solute which changes by a factor of about five at the 
transition temperature along with a marked decrease in the temperature 
dependence of their migration velocities between the a and g phase. For 
purposes of comparison, Schmidt's values for the velocities of vanadium, 
niobium and tantalum in 3-thorium [3] are also shown in Figure 4. The 
migration velocities of niobium and tantalum are approximately two orders 
of magnitude smaller than those of the solutes of this investigation 
while that of vanadium is about one order of magnitude smaller. All 
three exhibit a noticeably greater temperature dependence than iron, 
cobalt or nickel in the same thorium phase. 
In electrotransport theory, the migrating species is assumed to 
behave like a charged body in a uniform field with the force acting on 
the particle being F = eEZ*. The sign of Z* is indicative of the direc­
tion of transport (a negative sign corresponds to movement in the direc­
tion of electron flow). The Nernst-Einstein equation relates the 
effective valence to the other transport parameters by the expression 
Z* = UkT/De (2) 
where k is Boltzmann's constant. The effective valence includes both the 
true valence and a drag coefficient term involving the momentum exchange 
between the activated ions and the moving electrons. 
The effective valences of iron, cobalt and nickel listed in Table 1 
were calculated for each temperature from Equation (2). The error in 
Z* includes the combined errors in U, D and T and is estimated as 
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Figure 4. Plots of migration velocities vs. temperature for various 
metallic solutes in thorium. 
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approximately 25%. From the negative sign on the values Z*, it is 
evident that all three solutes migrate toward the anode in both thorium 
phases over the temperature range investigated. 
In reviewing current theories related to the temperature dependence 
of the effective valence, Herzig and Neumann [12] pointed out that all 
the resulting expressions can be reduced to the form Z* = - B/p, where 
ZQ is the true valence, B a constant which includes the residual resis­
tivity of the solute ion and p the resistivity of the solvent metal. A 
plot of Z* versus 1/p is shown in Figure 5. Within the precision of 
these measurements, the predicted linearity appears to hold for the three 
solutes in both thorium phases. 
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Figure 5. Plots of effective valence vs. reciprocal resistivity for iron, cobalt and nickel in 
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thoriurn. 
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DISCUSSION 
The anticipated fast transport behavior of iron, cobalt and nickel in 
thorium was observed in these experiments. The diffusivities are of the 
order of lO'^-lO'^cm^s""^ for all three solutes over the temperature range 
investigated and the mobilities are of the order of 10"^cm^V"^s"^. These 
values are comparable in magnitude with those for the interstitial solutes 
carbon, nitrogen and oxygen in thorium at equivalent temperatures, as may 
be seen from a comparison of Tables 1 and 2. Peterson and Carnahan [13] 
obtained the equation D = 2.2 x 10 ^ exp(-27,000/RT) for diffusion of car­
bon in 3-thorium, and Schmidt et al. [3] reported D = 0.45 exp(-48,000/RT) 
for tantalum and D = 0.54 exp(-50,200/RT) for niobium in 3-thorium. Com­
parison of the dQ and q values in these equations with those for iron, co­
balt and nickel in Figure 3 indicates that the latter three solutes exhibit 
behavior that is more characteristic of interstitial diffusion than of sub­
stitutional vacancy-controlled diffusion; these solutes can therefore be 
characterized as fast-diffusing solutes. 
A comparison of the relative migration velocities of the metallic sol­
utes in Figure 4 places vanadium in an intermediate position between the 
fast-diffusing solutes iron, cobalt and nickel and the vacancy-controlled 
diffusing solutes niobium and tantalum. Likewise the diffusivity equation 
for vanadium in 3-thorium [3], D = 0.019 exp (-31,000/RT), places it some­
where between the two classes of diffusing species. It may be worth noting 
that the atomic radii of niobium and tantalum differ from that of thorium 
by 20%, vanadium from thorium by 26% and iron, cobalt and nickel by about 
30%. 
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Table 2. Diffusivities and mobilities of carbon, nitrogen and 
oxygen in 3-thorium 
Temo. Carbon Nitrogen Oxygen 
^ ^ D®* iP 1? D* 
1625 1.7 3.8 3.5 11.1 7.0 25.0 
1560 1.3 2.2 3.0 9.5 6.3 18.8 
1455 0.8 1.3 2.3 6.8 5.3 8.7 
®A11 diffusivity data are from reference 1. 
^All mobility data are from reference 2. 
*10-5 ^2 G-1 
cm^ 
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Herzig and Heumann [12] have shown that if it is assumed that pZ* is 
constant, a plot of In vT/j versus 1/T (where v is the migration velocity 
and j the current density) should be linear with a slope corresponding to 
the activation energy for electrotransport Q^/R. Such plots for iron, co­
balt and nickel in thorium are shown in Figure 6. The data show a reason­
able fit to a straight line for all three solutes in both thorium phases. 
The activation energies for electromigration obtained from a least-squares 
fit of the data are given in Table 3 together with values for vanadium, 
niobium and tantalum as determined from the data of Schmidt et al. [3]. 
The authors are uneasy about the low value of the activation energy for 
— 1 — 1 diffusion of nickel in ^-thorium (9100 cal (g atom)" K~ ) compared with 
that in «-thorium (18,600 cal (g atom)"^ K'^) or to those for iron and 
nickel in 6-thorium. This may be due to the large scatter in the SSMS 
results arising from the interference between the ionic signals for the 
two nickel isotopes and those of thorium on the graphite electrodes used 
in the analyses. The limited number of data points and the narrow tempera­
ture range in the 3-thorium region contribute to the greater uncertainty in 
this value. 
As is evident from Table 3, the activation energies for electrotrans­
port Qg for all the solutes are consistently lower than the corresponding 
activation energies for diffusion Qq. The solutes in a-thorium have Qg 
values that are 20-30% smaller than the corresponding Qq value. A similar 
difference is seen from the data of Schmidt et al. [3] for vanadium, 
niobium and tantalum in 3-thorium. These results are not in agreement with 
those of Herzig and Heumann [12], who found that Qg and Qq agree within the 
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cobalt and nickel in thorium. 
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Table 3. Comparison of activation energies for electrotransport 
and diffusion of various solutes in thorium 
Solute Thorium phase Activation energy (cal mol"^ K"^) 
% 
Fe a 13,300 19,300 
3 5,500 17,100 
Co a 12,500 13,200 
3 4,000 15,600 
Ni a 14,400 18,600 
3 4,900 9,100 
V 3 22,100 31,000 
Nb 3 35,800 48,200 
Ta 3 35,700 50,300 
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limits of experimental error for both tin and antimony in gold, but they are 
consistent with previous observations for pure gold [14] and aluminum [15], 
both of which exhibit about a 20% difference between the activation energies 
for self-electrotransport and self-diffusion. The anomalously low values 
(approximately 5000 cal (g atom)"^ K"^) for the activation energies for 
electrotransport of all three solutes in e-thorium are rather surprising, 
but since the same effect is found for all three solutes it is believed to 
be real and reproducible. The lower activation energies suggest the possi­
bility of a change from predominantly bulk electrotransport in the a phase 
to grain boundary transport in the g phase. Such a change in transport 
mechanism should be accompanied by a discontinuous change in Z*, as shown in 
Figure 5. A transition from bulk to grain boundary electrotransport has 
been observed [15] in thin films of aluminum and silver, although it should 
be noted that grain boundary transport becomes dominant with decreasing 
rather than increasing temperature in both of these metals and is not 
associated with a phase transformation. 
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SECTION II. INTERNAL FRICTION STUDIES OF 
FAST DIFFUSING SOLUTES IN THORIUM 
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summary 
Low frequency internal friction studies on polycrystalline thorium 
wires containing the metallic solutes iron, cobalt and nickel were per­
formed over a temperature range of 77°K to 500°K. The results have shown 
that these solutes are present as defects whose symmetry is lower than 
that of the pure thorium lattice, and that these solutes produce two 
separate relaxation peaks that appear to be associated with two different 
types of defects. 
Evidence obtained from an investigation of the effect of iron concen­
tration on the magnitude of the two relaxation peaks suggests that the 
high temperature peak is associated with a thorium-iron interaction and 
the low temperature peak with an iron-iron interaction. The coincidence 
of the activation energy associated with the thorium-iron relaxation peak 
with that for the chemical diffusion of iron in thorium indicates that 
this defect is responsible for the fast diffusion of iron in thorium. 
Similar conclusions can be drawn for nickel in thorium, but the cobalt 
data are somewhat anomalous. 
A study involving iron in very high purity thorium (99.995%) suggests 
that the relaxation effects are not caused by other impurities, but that 
the equilibrium between the two types of defects may be affected by the 
purity of the base material. 
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INTRODUCTION 
The fast diffusion of metallic solutes in metals has been of interest 
since Roberts-Austin reported in 1896 that gold diffuses rapidly in lead. 
Recent reviews by Wartburn and Turnbull [1,2], Miller [3], Anthony [4] and 
Peterson [5] have shown that there are a number of systems in which the 
diffusivity of a metallic solute is several orders of magnitude greater 
than the self diffusivity of the host metal. This rapid diffusion behavior 
is suggestive of an interstitial diffusion mechanism similar to that 
generally ascribed to carbon, oxygen, nitrogen and hydrogen in metals. 
According to Hagg's empirical rule, however, interstitial solid solutions 
are limited essentially to systems in which the ratio of the atomic radius 
of the solute to that of the host, Rg/R^, is less than 0.59 [6,7,8]. In 
most of the systems in which fast diffusion is reported, however, the 
Hagg limiting value is exceeded, and sometime reaches a Rg/R^ value of 
0.90. Dyson et al. [9] have suggested that interstitial solid solubility 
can occur, however, for metallic systems in which there is no ion-ion 
overlap between a solute located in the largest interstitial site and 
the host ion. On the basis of this criterion, iron, cobalt and nickel 
could form interstitial solid solutions with thorium. 
Recent attempts to characterize the defects responsible for fast dif­
fusion have included diffusion de-enhancement experiments [10,11], liquid 
state studies [12-15], conventional bulk diffusion [16-21], Mossbauer 
measurements [22-24], electron channeling experiments [25], formation of 
supersaturated alloys [26,27], centrifuge experiments [28,29], precipitation 
45 
studies [30], internal friction damping [31-34] and x-ray diffraction 
studies of interstitial dissolution and compound formation [35]. These 
studies provide evidence that many fast-diffusing solutes are present as 
interstitial solutes although the exact nature and configuration of the 
defects have not been established. 
Several models have been proposed to explain the fast-diffusion 
phenomenon including an equilibrium distribution between interstitial and 
substitutional sites, the existence of solute complexes and the existence 
of various substitutional-solute configurations. The present study is 
based on the previously reported fast diffusion of iron, cobalt and nickel 
in thorium [20]. The diffusivity of the three solutes in a-thorium is at 
least six orders of magnitude greater than the self diffusivity of thorium 
at the same temperature [20,36]. A model that was particularly attractive 
to these investigators is that described by Wartburn and Turnbull [1] which 
proports the existence of solute-solvent pairs that are located off-
center on a lattice site. The solute atom could partially occupy the octa­
hedral site in this configuration and could move by a rotation followed by 
a jump to form a pair with an adjacent solvent atom. This defect, termed 
an "interstitial diplon" by Wartburn and Turnbull, would cause a tetragonal 
distortion of the fee lattice in the vicinity of the defect. Similarly, 
solute-solute pairs, solute-vacancy pairs and desymmetrized interstitial s 
could also give rise to non-cubic distortions in a fee lattice. Thus, in­
ternal friction measurements were chosen as the means of determining the 
existence and nature of the defects associated with the fast diffusion 
process. 
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THEORY OF ANELASTICITY 
Low frequency internal friction measurements have been used extensive­
ly to determine the diffusion parameters of interstitial solutes in body-
centered cubic metals. An interstitial atom in the body-centered lattice 
produces a tetragonal distortion of the lattice with <100> symmetry in the 
region of the interstitial solute. If a stress is applied, e.g., in the 
<100> direction, a distortion of the crystal is produced, and the solute 
aligns itself with the external stress field to minimize the strain. How­
ever, interstitial point defects do not produce this non-cubic symmetry in 
fee erystals and hence relaxation peaks resulting from the reorientation of 
interstitial solutes during cyclic straining will not occur. Combination 
defects, however, such as solute-solvent, solute-vacancy, or solute-solute 
pairs and desymmetrized interstitiels can produce localized distortion in 
a face-centered cubic lattice such that the symmetry in the vicinity of the 
defect is lower than that of the ideal lattice. Since little work has been 
done on attempting to identify and characterize these types of defects by 
internal friction techniques, this investigation was undertaken. 
If one assumes a standard anelastic solid [37], the internal friction, 
tan (ji is given by the Debye expression 
where w is the circular frequency in radians per second, t is the relaxa­
tion time characterizing the process and A is the relaxation strength of 
the defect. If the relaxation time t is given by the equation 
tan (j) = A X p 
1+01 t 
(1) 
T = T^e q/RT ( 2 )  
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where Q is the activation energy characterizing the process, then Equations 
(1) and (2) can be used to obtain the relaxation energy and time constant 
associated with the relaxation process [37]. 
The relaxation strength, A, is proportional to the difference between 
the relaxed and unrelaxed modulus. The defects of various symmetries which 
are responsible for the relaxation can be related to the quantity. A, if 
they are defined as elastic dipoles which are characterized by a tensor of 
strain per unit concentration. This tensor is called the \ tensor, and if 
it is diagonalized, the principal values are given as X-j, Ag. and 
Nowick and Berry [37] have summarized the quantitative expressions which 
relate the \ tensor to the relaxation strength for defects of various 
symmetry in a cubic lattice. All of these expressions are proportional to 
, the total concentration of defects, and vary inversely as kT. They are 
also all proportional to the square of some difference, ôx, between the 
principal values of the x tensor and thus may be written as 
a = be(cq vg/kt) (6x)2 (3) 
where E is the elastic modulus, 3 is a geometrical factor and is the 
volume per solvent atom. Specifically, for an elastic dipole of <100> 
tetragonal symmetry in a cubic lattice, the relaxation strength for a stress 
applied along <100> may be written as [37] 
ae<100> ' e<,00>«s'/3 = 2(co v"' <^1 " e<,00>/9 
where the change in the difference of the elastic constants and 
may be expressed as 6S' = 2s (S^-j - S-jg). If the tensor has an axis of 
symmetry such that Xg = Xg, then tensor quantity |x^ - Xgl in this equation 
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characterizes the elastic dipole. This quantity may be thought of as the 
ellipticity or shape factor of the distortion pattern created by the elastic 
dipole (defect). Thus, the magnitude of this quantity can be useful in 
deciding which type of defect is present. Note that if the stress is 
applied along a <111> direction, the relaxation strength vanishes, since 
all <100> directions make equal angles with the stress axis, and hence no 
reorientation of the defect will take place. This absence of relaxation 
for certain stresses, which is a consequence of the defect symmetry, is 
useful as a sorting method for characterizing the defects. 
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EXPERIMENTAL PROCEDURES 
Materials and Sample Preparation 
The thorium metal used in this study was prepared by two different 
purification techniques. All but one of the specimens were prepared from 
thorium that had been refined by the Van Arkel-De Boer process [36]. This 
material was electron-beam melted to remove volatile impurities, and an 
analysis showed it to be of 99.9+% purity. The major impurities and their 
analyzed concentrations were zirconium, 200 ppmw; nitrogen, 100 ppmw; 
oxygen, 100 ppmw; carbon, 70 ppmw; tungsten, 40 ppmw; molybdenum, 20 ppmw; 
copper, 10 ppmw; silicon, 16 ppmw; Fe, 5 ppmw; and cobalt and nickel less 
than 1 ppmw total. Small amounts of high purity iron, cobalt or nickel were 
then added by arc melting in a purified inert gas atmosphere. The result­
ing ingots were cold swaged into wires approximately 0.12 cm in diameter 
by 12.5 cm long. The final nickel and cobalt contents of the wire specimens 
were determined by spark source mass spectroscopy and the iron content was 
determined by a spectrophotometric analysis. 
A rod of thorium metal was specially purified by an electrotransport 
technique [38]. This process not only decreases the interstitial impurity 
contents to very low levels, but also removes most of the metallic impuri­
ties from thorium [38]. The resistance ratio, R300/R4 2K the purified 
metal was 1500, corresponding to an estimated purity of 99.995%. A SSMS 
analysis showed the major impurities to be 1.5 ppmw Zr, <5 ppm Ta and W and 
<1 ppm Si, Fe and N. A thin film of high purity iron was vapor deposited 
onto the surface on an 0.10 cm diameter wire of the material and was 
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diffused into the thorium by heating at lOOCC for one hour in a vacuum of 
1 X 10"^ Torr. 
With the exception of the very high purity sample, all alloy specimens 
were annealed at and quenched from 1300°C, just below the a-g transition of 
thorium at 1340°C, in order to retain all of the solute in supersaturated 
solid solution at room temperature. All of the specimens contained amounts 
of solute which were well below the solubility limits at 1300°C [20]. This 
was confirmed by metallographic examination. The samples were quenched by 
terminating the power to the sample while simultaneously releasing helium 
gas at approximately 77°K into the chamber through an inlet system which 
surrounded the sample. The quench rate was estimated to be in the vicinity 
o -1 
of 10 °C sec" . The supports on the sample allowed the wire to lengthen 
and contract with temperature to minimize any thermal strains caused by 
constraint of the sample during quenching. 
Apparatus 
The low-frequency internal friction apparatus is similar to that used 
by other investigators and is basically the same as the machine described 
by Swartz [39]. It consists of an inverted pendulum attached to a wire 
sample and enclosed in a bell-jar system that can be evacuated and back­
filled with helium. The temperature of the sample could be controlled to 
within + 1°C of any desired temperature between 77°K and 600°K by immersing 
the sample chamber in an appropriate temperature bath and using internal 
heaters around the sample to raise its temperature. The wire specimens 
were equilibrated for at least 20 minutes at each experimental temperature 
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to ensure that the sample temperature was uniform and stable. The frequency 
of the pendulum could be varied between 0.25 Hertz and 1.25 Hertz by chang­
ing the weights on the pendulum arms. The strain amplitude of the sample 
was continuously recorded on a high speed Beckman Dynograph machine. For 
a complete description of this internal friction pendulum, see the Appendix. 
Method 
The low frequency internal friction pendulum in free decay measures 
the "log decrement" or strain decay, 6, of a sample oscillating in torsion. 
The pendulum is excited into oscillation by an electrial signal applied 
to a magnet on the pendulum until a strain of a certain amplitude is 
reached. The exciting force is then removed and the vibration behavior 
during free decay is observed. The internal friction 4 is related to the 
logarithmic decrement 6 as follows; 
4 = 6/n = &n (Ao/A^j/nn (5) 
where is the initial amplitude, A^ is the amplitude of the nth cycle, 
and n is the number of cycles. 
The internal friction, 4, can be measured at a constant temperature 
over a wide range of frequencies as suggested by Equation (1), or since t 
as defined by Equation (2) is a function of temperature, the experiment 
may be done over a wide range of temperatures for a constant frequency, u. 
The latter method was used in this study to measure the temperature, T^, 
at which the maximum in the internal friction peak occurred for several 
constant frequencies to. If Equation (2) is simplified for the case of 
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peak temperature, (and thus Xp), by multiplying the entire expression 
by w and invoking the condition that totp = 1, one obtains [37] 
%n w + &n Tg + Q/R (1/Tp) = 0. (6) 
The data obtained were used in accordance with this equation to obtain 
values of Q and for each relaxation peak. 
The tensor quantity [x-j - Xg! which characterizes a defect, may be 
calculated if the symmetry and relaxation strength of the defect are 
known. Equation (4) could thus be used to calculate this quantity. This 
expression, however, describes the relaxation strength for a <100> single-
crystal specimen tested in tension, whereas the present study involves 
polycrystalline specimens measured in torsion. Thus an expression is 
needed to relate the internal friction obtained from these studies to 
Equation (4). Nowick and Berry [37] have shown that for a polycrystalline 
sample in torsion, the relaxation strength, Aq, may be written as 
Aq/6 = 6G"^ = 26S75 (7) 
where G is the average shear modulus. This relation can be used along 
with Equation (4) to obtain an expression for the tensor quantity |x^ - Xgl 
associated with a tetragonal defect of <100> symmetry. From Equation (1), 
i t  is obvious that when m = 1, tan (J) = AG/2 = ,  and |x, - x„| 
P liidX I u 
can thus be related directly to the internal friction, Q"^. 
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RESULTS 
The internal friction damping as a function of temperature was mea­
sured at three different frequencies for thorium wires containing approxi­
mately 0.2 atomic percent of iron, cobalt or nickel. The results are shown 
in Figures 1, 2 and 3 as plots of normalized internal friction, versus 
reciprocal temperature, 1/T, over a temperature range of -120°C to 100°C. 
The data from these graphs were then used in accordance with Equation (4) 
to produce plots of 1/Tp versus &n w as shown in Figure 4. Here, Tp is the 
temperature in degrees Kelvin at which the internal friction peak occurs, 
and w is the frequency in radians per second at which the peak was measured. 
The resulting straight lines shown in Figure 4 were calculated from a 
linear least-squares treatment, and the activation energy, Q^, and time 
constant, associated with each peak were then calculated from the slope 
and intercept of each line in accordance with Equation (4). These results 
are summarized in Table 1 along with values of the diffusion parameters 
Qq and DQ as obtained from previous studies [20]. 
The magnitude of the relaxation peaks as a function of solute concen­
tration was determined for iron, since this solute exhibited the largest 
amount of damping per atomic concentration. Six different alloys with con­
centrations ranging from 8 atomic ppm (base material) to 1836 atomic ppm 
iron were quenched from 1300and run at approximately 0.65 Hertz. The 
results of this study are shown in Figure 5, It will be noted that the 
alloys with 8, 85 and 123 atomic ppm show only one peak occurring at approx­
imately 25°C, while the alloys containing 873, 1396 and 1836 atomic ppm 
exhibit the 25°C peak plus an additional peak at approximately -75°C. 
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Figure 1. Normalized internal friction, Qp~\ vs. reciprocal temperature at three different fre­
quencies for a thorium -0.2 atomic % Fe alloy quenched from 1300°C. 
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Figure 2. Normalized internal friction vs. reciprocal temperature at three different frequenci 
for a thorium -0.2 atomic % Co alloy quenched from 1300°C. 
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Figure 3. Normalized internal friction vs. reciprocal temperature at three different frequenci 
for a thorium -0.2 atomic % Ni alloy. 
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Table 1. Parameters for anelastic relaxation and diffusion of iron, cobalt and nickel 
in thorium. 
High Temp. Peak Diffusion Parameters Correlation Factor,y Low Temp. Peak 
Solute (kcal) 1/TQ (sec'T)  Qq (kcal) Co \ (kcal) 1/tq (sec'T)  
Iron 19.4  5 .66 X 10^4 19.3  .005 Y = .04  12.6  3 .40 X 10^4 
Nickel 17.6  3 .67 X 10^3 18.6  .004 Y = .51  14.0  1 .93 X 10^5 
Cobalt 20.0  5 .56 X IcJ* 13.2  .0005 Y = .004 11.6  2 .96 X loJZ 
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Figure 5. Plots of Q"^ vs. 1/T for thorium-iron alloys quenched from 1300°C. 
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The magnitude of the 25°C relaxation peak minus the background damping 
(net peak magnitude) is plotted against atomic concentration for each 
sample in Figure 6. A straight line with a positive slope is obtained for 
the alloys containing 8, 85 and 123 atomic ppm, but for the other higher 
concentration alloys a constant peak magnitude of about 36 x 10"^ is 
obtained, corresponding to approximately 170 atomic ppm. 
The second peak, occurring at -75°C that is associated with the higher 
concentration alloys also shows a marked concentration dependence. Figure 
7 shows the net magnitude of this peak plotted as a function of atomic 
concentration in several different ways. In line A, the net peak magnitude 
is plotted against total iron concentration of the alloy. A reasonably 
good straight line is obtained for this plot, but the fit of the line is 
even better if the net magnitude is plotted against total iron concentra­
tion minus the concentration contributing to the 25°C peak (reduced 
concentration) as shown in line B, The net magnitude associated with the 
second peak was also plotted against the square of the total iron concen­
tration as shown in line C. The linear fit of these points is not as 
good as either line A or B and the fit is no better for a plot of the net 
magnitude versus the square of the reduced concentration as shown in line 
D. Both of these plots, however, pass through or near the origin, 
whereas lines A and B do not. 
During this study, the question arose as to whether these relaxation 
peaks were due to iron-thorium interactions or if they were due to some 
type of solute-impurity interaction. Turner et al, [31] have reported 
that gold in lead produces internal friction damping which is similar to 
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Figure 6. Reduced magnitude of the high temperature peak in Figure 5 plotted as a linear 
function of concentration. 
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that observed in this study. In a later study, however, they showed that 
the relaxation peaks observed previously were affected by a bismuth im­
purity in the lead and that the peaks observed may have been due to a 
gold-bismuth interaction. 
Since the crystal-bar thorium used in these studies contained some 
residual metallic impurities, a high-purity sample prepared by electro-
transport purification was tested to observe whether these impurities have 
any influences on the internal friction behavior. The pure thorium sample 
was quenched from 1200°C and then run at approximately 0.4 Hertz. Iron 
(750 atomic ppm) was then added to this sample and it was quenched again 
from approximately 1200°C and run at 0.4 Hertz. The results of these two 
experiments, shown in Figure 8, suggest that the magnitudes of the two 
peaks are affected by the purity of the material or possibly by the lower 
temperature of quench. This sample was not quenched from 1300°C as the 
other samples were because of experimental difficulties which prevented 
heating the sample above approximately 1200°C. 
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Figure 8. Effect of iron on the internal friction of high-purity thorium as a function of 
reciprocal temperature. 
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INTERPRETATION OF RESULTS 
High Temperature Peak 
The activation energies associated with the high temperature anelas­
ti c relaxation peak for iron and nickel in a-thorium are nearly identical 
to the activation energies obtained from the diffusion studies of these 
solutes in thorium. The agreement suggests that the two phenomena (dif­
fusion and anelastic relaxation) are controlled by the same mechanism. 
The disagreement in the values of these activation energies for cobalt in 
thorium indicates that for this system» the mechanisms responsible for 
these two phenomena are not the same, or that there is a larger amount 
of experimental error involved in the cobalt studies than existed in the 
nickel and iron studies. 
In an earlier study of the electrotransport behavior of iron, cobalt 
and nickel in thorium [20], the diffusion parameters were determined for 
each solute in both the a (fee) and 3 (bcc) phases of thorium. Due to 
differences in the packing densities, it is generally observed that the 
activation energy for diffusion is smaller for a solute in the more open 
bcc structure than in the close-packed fee structure. This behavior is 
observed for iron and nickel in thorium, but the measured value of 
the activation energy for diffusion of cobalt in thorium is actually 
greater in the 3 phase (17.1 keal) than in the a phase (13.2 kcal). 
This discrepancy suggests that the measured activation energy for diffu­
sion of cobalt in the « phase is in error and that the activation energy 
obtained from anelastic relaxation measurements may be closer 
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to the correct value, since it is larger (20 kcal) than the activation 
energy for diffusion of cobalt in 3-thorium. On the basis of the above 
consideration of activation energies, it is concluded that the mechanism 
responsible for the high temperature anelastic relaxation peak is the 
same as that responsible for the fast diffusion of these solutes in thorium. 
The fast diffusion of iron, cobalt and nickel in a-thorium indicates 
that an interstitial mechanism may be operating. The presence of the 
anelastic relaxation peaks, however, obviates the concept of conventional 
interstitial atoms located in the octahedral sites, i.e., carbon, o%ygen, 
nitrogen. This type of defect produces a cubic dilation of the fee lattice, 
and would not give rise to any stress-induced reorientation which would 
show up as an internal friction peak. The interstitial diplon as described 
by Wartburn and Turnbull [1], however, is an attractive possibility for ex­
plaining this mechanism. In this model, it is proposed that a solute and a 
thorium atom would form a close-pair located on a thorium lattice site with 
the solute located toward an octahedral void. The solute atom can then move 
by jumping to another thorium atom. The dilation of the thorium lattice 
caused by this type of defect would be tetragonal, and thus this type of 
defect could give rise to stress induced ordering by either a rotation of 
the pair or by a jump of the solute atom, depending on which process re­
quires the least energy. An alternate type of defect which would produce 
the same type of behavior is a desymmetrized interstitial atom in an 
octahedral site similar to a Jahn-Teller defect [37]. Such defects 
involve mainly substitutional transition metal ions [37], but similar de­
fects may also be possible for a transition metal interstitial ion in 
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thorium depending on the valence of the ion. It is not possible from the 
results of the present study, however, to determine which of 
the mechanisms (if any) is responsible for the observed relaxation peaks. 
Since the values obtained for the activation energy of the higher tempera­
ture anelastic relaxation peak are almost equal to those Obtained for 
diffusion, however, more information about the mechanism may be gained by 
looking at the processes involved for the fast diffusion behavior. Since 
the activation energy for diffusion is associated with the motion of an 
atom, it seems certain that the mechanism responsible must be associated 
with the jump of a solute atom to another thorium atom or the rotation of 
the thorium-solute pair followed by a solute jump. This type of mechanism, 
then, must also be associated with the anelastic relaxation. 
To investigate the relationship between diffusion and anelastic relax­
ation, we may assume that for the diffusion process, the diffusion coeffi­
cient may be written as 
D = rd^/6 (8) 
as discussed in the statistical treatment of diffusion [40]. Here r is 
the mean jump frequency of the migrating atom and d is the distance 
between atomic sites. For octahedral sites in a fee crystal, d = a^/»^ 
where a^ is the lattice parameter. If we assume that there is a relation 
between the mean jump frequency, r, and the reorientation frequency for 
anelastic relaxation, l/X, then r = Y/T where Y is a constant. 
Substituting these quantities in Equation (8) for the case of 
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D = DQ, one obtains: 
do = ya,/12to. (9) 
Using the values for and from this study, and the measured values 
for a^ [36], the quantity y was calculated for each case as summarized 
in Table 1. Although these values are not equal, the order of magnitude 
agreement is quite good considering the large extrapolation to 1/T = 0 
involved in the calculation of and This agreement provides 
further evidence that for iron, cobalt and nickel in thorium, diffusion 
and anelastic relaxation associated with the first peak are controlled 
by the same mechanism. 
From the experimental studies on the concentration dependence of the 
magnitude of the high temperature peak, it has been shown that the damping 
magnitude is linearly proportional to the concentration of iron up to approx­
imately 170 atomic ppm. From this behavior and the expressions summarized 
by Nowick and Berry [37] which relate the relaxation strength, A, linearly to 
the concentration of defects of a particular symmetry, it can be concluded 
that the mechanism for the high temperature peak must involve a defect 
containing only one iron atom. If one now assumes that the defect is of 
<100> tetragonal symmetry in the thorium lattice (such as an interstitial 
diplon or desymmetrized interstitial). Equations (4) and (7) can be used 
t o  c a l c u l a t e  a  q u a n t i t a t i v e  e x p r e s s i o n  f o r  t h e  t e n s o r  q u a n t i t y ,  | -  X g l *  
which characterizes this defect. Using values of the elastic constants and 
lattice parameters at 300°K as given by Smith et al. [36] to calculate G 
and VQ respectively, one obtains a value of |- Xgl = 1.30. Nowick and 
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Berry [37] cite values of [x-j - Xgl ranging from 0.55 to 1.35 (average 
value of 0.8) for tetragonal defects produced when oxygen, carbon and 
nitrogen are contained as interstitial solutes in iron, niobium, tantalum 
and vanadium. The value of \x^ - Xgl obtained for iron in thorium is thus 
consistent with the hypothesis that iron is present as some type of inter­
stitial defect. The somewhat larger value of |x^ - Xgl iron in thor­
ium, which indicates a greater distortion of the lattice, is also 
consistent with the fact that the Hagg ratio of iron to thorium is larger 
than any of the corresponding Hagg ratios of the solute and solvent atoms 
cited in the data of Nowick and Berry [37]. 
Low Temperature Peak 
The interpretation of the experimental evidence associated with the 
second relaxation peak is more speculative than that for the first peak. 
This second relaxation peak occurs at lower temperatures (approximately 
-75°C for iron in thorium) and is present only for the higher concentra­
tion alloys. The activation energies associated with these peaks, 
shown in Table 1, are 20% to 40% lower than the energy for diffusion. 
If the only defect present is assumed to be the previously described 
interstitial diplon, then the possibility exists that the rotation and 
jump processes associated with this defect would produce two separate 
relaxation peaks as observed in this study. Another possibility is 
that the defect has orthorhombic symmetry, which has been shown to pro­
duce two separate relaxation peaks [37]. Both of these assumptions, 
however, require that each peak be proportional to the concentration. 
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but from the concentration study of iron in thorium, it has been shown 
that for the higher concentration alloys, the first peak is no longer 
affected by the iron concentration. The experimental evidence thus 
indicates that the defect associated with the second peak is,not the 
same as that associated with the first peak and is thus not related 
to the fast diffusion process. 
The study of the concentration dependence of the magnitude of the 
second relaxation peak for iron in thorium as shown in Figure 7, provides 
some insight into the mechanism responsible for the second relaxation 
peak, although caution must be used in trying to, interpret a mechanism 
from the results of this study only,, Lines A and B show the damping 
magnitude plotted as a function of total atomic concentration and 
reduced atomic concentration respectively. These lines have a somewhat 
better fit to the data points than do lines C or D, which show the 
damping magnitude plotted as a function of total concentration squared 
and reduced concentration respectively. Lines A and B predict a defect 
whose concentration is directly proportional to the atomic concentration 
of solute. These lines, however, show a peak height of zero for a 
residual iron concentration of about 500 atomic ppm. This "lost" 500 
atomic ppm would thus require the existence as some other type of defect 
such as a substitutional atom. Lines C and D, however, pass through 
the origin and suggest that the defect should be of the type involving 
an iron-iron pair such that 
Fe + Fe % Fe^ (10) 
which is similar to the formation of divacancies. Assuming the free 
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energy change associated with the pair formation, to be AGp, the 
equilibrium number of pairs is related to the number of iron atoms 
Npg by the relation [37] 
npej = "'"fe -
where A is related to the coordination number of the host lattice and 
the number of possible pair orientations. For the case where AGp is 
small, the pair formation is mostly random and Npg^ will thus be pro­
portional to (Npg)^. Equation (3) and lines C and D would indicate 
that this is the case. If, however, AGp is large, and there is nearly 
complete association of the iron atoms, Np^^ - Npg/2 and the relaxation 
strength of the second peak would now be linearly proportional to the 
concentration of iron atoms. This is the case indicated by lines A and 
B. 
X-ray studies by Givord et al. [41]  on ThMg g compounds where 
M = Fe, Co, Ni, Zn or Mg have shown that these solutes are present as 
pairs of atoms located on a thorium lattice site. This type of defect 
would have tetragonal symmetry in a cubic lattice, and if the formation 
of these pairs follows Equation (11), the concentration dependence would 
be proportional to either the concentration of iron or concentration 
of iron squared, depending on the magnitude of AGp. The alloys in the 
present study did not exhibit any microstructural evidence of inter-
metallic compounds, but since there is obviously a tendency for the iron 
atoms to form pairs, the second peak could be the result of an initial 
iron pairing. The experimental evidence from this study and that of 
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Givord et al. [41] indicates that the second peak is related to an 
Iron-iron pair, although the extent of this pairing is still unclear. 
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DISCUSSION AND CONCLUSIONS 
The experimental results of the fast diffusion [20] and anelastic 
relaxation studies on iron, cobalt and nickel in thorium indicate that 
the activation energy associated with the high temperature peak is the 
same as that for diffusion. There are also indications that the time 
constant associated with this relaxation peak is related to the jump 
frequency of the diffusing solute. Thus it is concluded that the mech­
anism responsible for the observed fast diffusion behavior of these 
solutes in thorium is also responsible for the high temperature anelas­
tic relaxation peak. 
The diffusion results together with consideration of the sizes of 
the solute atoms, indicates that these solutes form some type of inter­
stitial solid solution. This view is also supported by the anelastic 
relaxation studies which involve the concentration dependence of the 
damping magnitude, the magnitude of the x tensor, and the activation 
energy of the anelastic relaxation process. 
Although there is no direct experimental evidence which indicates 
the exact symmetry of the defect, if one assumes a <100> tetragonal 
symmetry, the calculated value of the X tensor is consistent with 
this type of defect. Possible interstitial defects with this symmetry 
are an interstitial diplon and a Jahn-Teller type (desymmetrized) 
interstitial atom. The activation energy for these types of defects 
would thus be associated with the atomic jump or rotation and jump 
of the solute atom. 
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The second (low temperature) anelastic relaxation peak observed 
for these solutes in thorium does not appear to be directly associated 
with the diffusion process, inasmuch as the activation energies associ­
ated with this peak are all consistently lower than those for diffu­
sion. The nature of the concentration dependence of the damping 
magnitude for iron in thorium is not well established, but when consider­
ed in light of the data of Givord et al. [41], it is likely that the 
second peak is associated with a defect consisting of a pair of iron 
atoms. 
This second peak is present only in the high concentration alloys 
and shows up after the first high-temperature peak has reached a constant 
limiting value. This behavior suggests that there is an equilibrium 
distribution of the two types of defects at the temperature from which 
the samples were quenched. The experimental study involving the very 
high purity thorium, shown in Figure 8, indicates that this may be the 
case. Since this sample contains 750 atomic ppm of iron, it should 
have a large high-temperature peak relative to the low-temperature peak. 
The results, however, show just the opposite behavior. This shift in 
the magnitude of the peaks may be explained by the lower quench tem­
perature (1200°C) if it is assumed that the defect associated with the 
second peak is more stable at the lower temperature. 
Another possible explanation of the shift in peak heights of the 
high-purity thorium-iron sample is the existence of an intermediate 
defect. It was observed experimentally that when these thorium-iron 
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alloys are furnace cooled (10°C per minute) there is a thorium-iron 
intermetallic phase present in the microstructure and no internal 
friction peaks are observed. This indicates that neither of the 
peaks is due to the presence of a second phase, although the second 
peak may be associated with the initial stages of the precipitation of 
the intermetallic phase. If the quench rate is not fast enough to 
retain all of the iron atoms as defects of the first kind, but not 
slow enough for diffusion to occur and allow the formation of a thorium-
solute compound, then the possibility exists that the second peak is 
due to the pairing of the solute atoms as they migrate to form the 
intermetallic compound. Such behavior is analogous to the formation 
of divacancies in vacancy quenching experiments. Annealing studies of 
the quenched high-concentration samples would be useful for testing 
this hypothesis. 
The existence of the relaxation peaks does not appear to be de­
pendent on the presence of other impurity atoms. The possibility that 
the impurities can affect the magnitude of the peaks, however, cannot 
be eliminated because of the fact that the thorium-iron alloy used in 
the study shown by Figure 8 was quenched from a lower temperature. It 
is the view of the author that either of the previous explanations for 
the magnitude of the peaks in this study is more plausible than an 
impurity related effect, and that the relaxation peaks are associated 
with iron and thorium atoms only. 
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summary and discussion 
The original purpose of this investigation was to measure the diffu­
sion and electrotransport parameters of iron, cobalt, nickel and copper 
in thorium in an effort to determine the influence of solute size on 
the transport properties. This work was to also be the preliminary 
investigation for another study which involved the theoretical electro-
transport purification of thorium. The initial studies, however, showed 
that iron, cobalt and nickel were fast-diffusing solutes in thorium, 
and consequently the investigation to determine the nature of the defects 
responsible for this behavior was undertaken. 
This study involved an investigation of the internal friction be­
havior associated with these solutes in thorium and provided experimental 
evidence that the same interstitial defect is responsible for both the 
major anelastic relaxation peak and the fast diffusion. As is often 
the case in scientific studies, this work has suggested other types of 
investigations which would be useful in gaining further insight into 
the general problem of fast diffusion. 
There is a need for direct experimental evidence to determine the 
symmetry of the interstitial defect. Internal friction studies involving 
single crystals with <100> and <111> orientation would provide conclusive 
evidence to support or negate the hypothesis that the defect has <100> 
tetragonal symmetry. Other crystal orientations would have to be studied 
if the defect is not of this symmetry. 
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Annealing studies would be useful for determining the existence of a 
relationship between the defect responsible for the first peak and that 
for the second peak. The concentration of the two types of defects could 
be monitored by simply measuring the peak heights at the known tempera­
ture of occurrence. An experimental setup where the sample could be 
measured and annealed in situ would be convenient for this study. 
Other types of studies related to the present work would include 
resistivity and x-ray measurements. Diffusion and anelastic relaxation 
studies on other alloys, especially rare earth-transition metal systems, 
would also add to the general understanding of fast diffusion. 
In light of the above mentioned results of and suggestions for fast 
diffusion studies, it seems that the general problem is far from being 
solved and will require much more work. It is thus the intent of this 
investigator to continue with this area of study and to undertake some 
of the suggested research. 
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APPENDIX 
A drawing of the internal friction apparatus used in this study is 
shown in Figure 1. This machine is typical of the inverted pendulum 
design and has become almost a standard. 
The sample (15) is started into oscillation by a current applied 
to the excitation magnet (9). This magnet assembly consists of a 
permanent magnet placed opposite an electromagnet such that when the 
latter is excited, the two interacting magnetic fields cause the 
entire pendulum to undergo a slight rotation. This excitation is re­
peated until a certain predetermined amount of strain is present in the 
sample (15). The pendulum is then allowed to free decay for a predeter­
mined number of cycles. 
The strain amplitude is converted into a voltage signal by the 
optical lever (2). This device consists of a light source, a beam 
splitter and a resistance bridge circuit. A light beam is projected to 
a mirror on the pendulum and then reflected back and split into two 
beams of equal intensity. These beams are allowed to fall on two 
photocells whose resistance is a function of the intensity of the light 
falling on them. These cells are part of a resistance bridge circuit 
and is connected to a direct current power supply. The amount and 
direction of current flowing through the bridge circuit is proportional 
to the resistance difference of the two photocells. In practice, the 
circuit is balanced by a variable resistor so that there is no current 
flowing when the psndulum is motionless. As the pendulum oscillates. 
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Figure 1. Internal friction apparatus. 
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the amount of light reflected to each photocell changes, and thus current 
will flow relative to the direction and amount of pendulum motion. 
This electrical output is interfaced with a Beckman Dynograph capable of 
running at 20mv/cm at 0.2cm/sec to provide a graphical output. 
- 2  The bell jar (3) and furnace tube (10) were pumped to 2.5 x 10" 
torr and backfilled with helium to just slightly below atmospheric 
pressure to facilitate heat transfer between the sample (15), the 
furnace tube (10) and the internal heater (12). The entire pendulum 
was held rigid by a support system that was attached to the base plate 
(1) but isolated from the floor of the building. 
